In the Sun, the properties of acoustic modes are sensitive to changes in the magnetic activity. In particular, mode frequencies are observed to increase with increasing activity level. Thanks to CoRoT and Kepler, such variations have been found in other solar-type stars and encode information on the activity-related changes in their interiors. Thus, the unprecedented long-term Kepler photometric observations provide a unique opportunity to study stellar activity through asteroseismology. The goal of this work is to investigate the dependencies of the observed mode frequency variations on the stellar parameters and whether those are consistent with an activity-related origin. We select the solartype oscillators with highest signal-to-noise ratio, in total 75 targets. Using the temporal frequency variations determined in Santos et al. (2018), we study the relation between those variations and the fundamental stellar properties. We also compare the observed frequency shifts with chromospheric and photometric activity indexes, which are only available for a subset of the sample. We find that frequency shifts increase with increasing chromospheric activity, which is consistent with an activityrelated origin of the observed frequency shifts. Frequency shifts are also found to increase with effective temperature, which is in agreement with the theoretical predictions for the activity-related frequency shifts by Metcalfe et al. (2007) . Frequency shifts are largest for fast rotating and young stars, which is consistent with those being more active than slower rotators and older stars. Finally, we find evidence for frequency shifts increasing with stellar metallicity.
INTRODUCTION
In solar-type oscillators, near-surface convection stochastically excites acoustic oscillations (e.g. Goldreasantos@spacescience.org ich & Keeley 1977) . Convection is also a key ingredient for the magnetic field generation and, in particular, for the activity cycles (e.g. Brun & Browning 2017 ).
As the magnetic activity level changes in the Sun, reflected in the various activity proxies, such as 10.7-cm flux, sunspot number and area, photometric activ-ity proxy, and chromospheric activity index, the properties of the acoustic modes are observed to change: mode frequencies increase with increasing activity while mode amplitudes decrease (e.g. Woodard & Noyes 1985; Elsworth et al. 1990; Libbrecht & Woodard 1990; Chaplin et al. 1998; Howe et al. 2015; Salabert et al. 2017) .
The first evidence for activity-related frequency shifts in a star other than the Sun was found by García et al. (2010) . The authors found the mode parameters of HD 49933 (observed by CoRot -Convection, Rotation, and planetary Transits; Baglin et al. 2006 ) varying over time, while its starspot proxy is also consistent with an activity cycle. Making use of the long-term Kepler shortcadence data (Borucki et al. 2010) , temporal frequency shifts, possibly activity-related, have been measured for several solar-type stars (Salabert et al. 2016a (Salabert et al. , 2018 Régulo et al. 2016; Kiefer et al. 2017; Santos et al. 2018 ). In particular, Salabert et al. (2016a) found the frequency shifts varying approximately in phase with the photometric activity index (Mathur et al. 2014 ) for a young solar analog KIC 10644253. Using spectroscopic data, the authors confirmed that KIC 10644253 is more active than the Sun. Another well studied case is KIC 8006161 (Karoff et al. 2018) , which is another solar analog but with higher metallicity than the Sun. Using spectroscopic and photometric observations, and a number of different techniques and diagnostics for magnetic activity (including seismic diagnostics), KIC 8006161 was found to have significantly stronger differential rotation, both in the radial and latitudinal direction, and stronger activity cycle than the Sun. In particular, the amplitude of the activity cycle of KIC 8006161 seen through the chromospheric activity index is about 2.7 larger than that of the Sun. Karoff et al. (2018) interpreted these characteristics as the result of a deep convection zone due to the high metallicity of KIC 8006161. This suggests that metallicity may affect activity and thus the observed frequency shifts.
Besides the possible effect from metallicity addressed by Karoff et al. (2018) , frequency shifts may also depend on the stellar effective temperature. Assuming that frequency shifts scale linearly with the chromospheric activity, as observed over the solar cycle, Chaplin et al. (2007) predicted that the activity-related frequency shifts decrease with effective temperature. By contrast, the theoretical predictions by Metcalfe et al. (2007 , see Dziembowski (2007 for a generalization to non-radial modes) are consistent with frequency shifts increasing with increasing effective temperature. In this formulation, frequency shifts depend on the chromospheric activity index, mode inertia, and on the depth of the source of the perturbations beneath the photosphere, which in turn is related to the pressure scaleheight at the photosphere. Both formulations (Chaplin et al. 2007; Metcalfe et al. 2007 ) predict frequency shifts decreasing with age, which is consistent with stars becoming less active as they evolve (e.g. Wilson 1963; Wilson & Skumanich 1964) . Also, as stars evolve the surface rotation rate decreases, often being used as a diagnostic for stellar ages in gyrochronology (e.g. Skumanich 1972; Barnes 2007; García et al. 2014; Davies et al. 2015) . Thus, in general, faster rotators are found to be more active than slower rotators (e.g. Vaughan et al. 1981; Baliunas et al. 1983; Noyes et al. 1984) . A tighter relationship is found between chromospheric activity and the Rossby number (ratio between rotation period and convective turnover timescale) with magnetic activity increasing as Rossby number decreases (e.g. Noyes et al. 1984; Mamajek & Hillenbrand 2008) .
In this work, we study the relation between the observed frequency shifts and stellar properties, namely effective temperature, rotation period, Rossby number, age, and metallicity. We use the frequency shifts obtained by Santos et al. (2018) , who analyzed 87 oscillating solar-type stars observed by Kepler. The authors measured frequency shifts from 90-day segments of the original time-series. The individual mode frequencies were obtained through a Bayesian global peak-bagging analysis, but only the five central orders (closest to the frequency of maximum power, ν max , with the highest signal-to-noise ratio) were used to compute frequency shifts. The authors found that more than half of the targets show evidence for periodic variations in the mode frequencies.
For stars with available chromospheric and photometric activity measurements, we also compare the observed frequency shifts with the activity proxies log R HK and S ph (Mathur et al. 2014 ).
TARGET SAMPLE
We start by taking the target sample considered in Santos et al. (2018) , which comprises 87 Kepler solartype stars including the LEGACY sample (Lund et al. 2017; Silva Aguirre et al. 2017 ) and 21 additional Kepler Objects of Interest (KOIs, e.g. Silva Aguirre et al. 2015; Davies et al. 2016) . Santos et al. (2018) measured temporal variations in the mode frequencies of the 87 Kepler solar-type stars. However, some of the targets, namely some KOIs, have very low signal-to-noise ratio, which hampers the task of constraining the mode frequencies from subseries of length 90 days. The frequency variations of such targets are likely to be strongly affected by noise. Since the goal is to study activity-related frequency shifts, we remove the targets with lowest signal-to-noise from the current analysis. In the next section we take further steps to ensure that the frequency variations are not noise.
The signal-to-noise ratio for a given subseries is measured as the average ratio between the mode heights for the five central orders and the background signal (both from the analysis in Santos et al. 2018 ). The final signal-to-noise ratio for each target corresponds to the average value over all the 90-d subseries with a duty cycle greater than 70%. The targets with a signal-to-noise ratio lower than one are removed from the subsequent analysis: KIC 10730618 and ten KOIs (KIC 3425851, KIC 4141376, KIC 4349452, KIC 4914423, KIC 5866724, KIC 7670943, KIC 8478994, KIC 8494142, KIC 11401755, and KIC 11904151) . We further remove the star KIC 3427720, whose light-curve shows sudden variations also visible in the properties measured in Santos et al. (2018) , in particular in the frequency shifts. The final target sample consisting of 75 stars is shown in Figure 1 . In what follows, we study the relation between the observed frequency shifts and stellar properties. The values for effective temperature T eff , surface gravity log g, metallicity [Fe/H], and rotation period P rot , and the respective sources are listed in Santos et al. (2018) . We note however that for KIC 7970740 we consider the rotation period P rot 42±7 days (from Santos et al. submitted) . The rotation period in the literature corresponds roughly to half of the true period of that star. We adopt the stellar ages determined by Silva Aguirre et al. (2015 Aguirre et al. ( , 2017 . The photometric activity index S ph corresponds to the average value of the data shown in Santos et al. (2018) . Finally, the values for the chromospheric activity and sources are listed in Appendix A.
MAXIMUM FREQUENCY VARIATION
Throughout the target sample, frequency shifts, δν, exhibit different types of behavior showing evidence for: possible rising or declining phases of an activity cycle; more than one complete cycle; non-cyclic variations; or no variations. In order to be consistent, we decided to compute the amplitude of the frequency shifts based on the minimum and maximum value of the observed shifts. However, variations in the mode frequencies may be affected by instrumental noise or sudden changes in the quality of the data, and our inability to properly constrain the mode frequencies under those circumstances, which is also reflected in the error bars. Therefore, in order to prevent an overestimation of the intrinsic frequency variation, we follow a number of steps to compute the final maximum δν variation:
1. For each target, we perform 10 4 realizations, in which (a) each δν data point randomly varies within the error bar according to a Gaussian distribution with mean and standard deviation being the frequency shift and respective uncertainty estimated by Santos et al. (2018) ; (b) the data points are smoothed/filtered over 180 days;
(c) we take the difference between the maximum and minimum value of the smoothed data.
2. For each target, the maximum δν variation and uncertainty correspond to the median and standard deviation of the results for 10 4 realizations. Figure 2 shows an example of a relatively well behaved case (KIC 8006161) and an example of a case with larger uncertainties on the frequency shifts and sporadic variations (KIC 9965715), which may be consistent with no variation. In the case of KIC 8006161 we may underestimate the true variation in the frequency shifts, but for KIC 9965715 (and for other targets in the sample) we may overestimate the intrinsic variation by just taking the minimum and maximum values of the observed frequency shifts. Therefore, we opt for this more conservative approach. For comparison, we also estimate the maximum frequency-shift variations for the Sun. We use the temporal frequency shifts measured for solar cycle 23 by Santos et al. (2018) from VIRGO/SPM data (Variability of solar IRradiance and Gravity Oscillations on board SOlar and Heliospheric Observatory (SOHO), where SPM stands for sunphotometers; Fröhlich et al. 1995 Fröhlich et al. , 1997 Jiménez et al. 2002) . We measure the maximum δν variation computed from the complete 11-year cycle following the steps listed before. We also compute the range of possible values for the maximum δν variation when considering only four years of VIRGO/SPM data to be consistent with Kepler observations. We take 4-year subseries spaced by one year, corresponding to different phases of the solar activity cycle. The range of possible values is determined by the minimum and maximum values found for the 4-year segments. 
RELATION BETWEEN FREQUENCY SHIFTS AND STELLAR PROPERTIES
Activity-related frequency shifts are expected to be common among solar-type oscillators. More than half of the solar-type stars analyzed by Santos et al. (2018) show significant temporal variations in the frequencies of the acoustic modes, often accompanied by variations in other parameters. However, to properly connect those variations to an activity-related origin, more data are needed (for example spectroscopy).
Currently there are chromospheric activity measurements only for 30 of the 75 solar-type stars in the target sample and not all are contemporaneous to Kepler observations. Panel a) of Figure 3 shows the maximum frequency-shift variation as a function of the chromospheric activity index, log R HK . Large frequency-shift values tend to correspond to high chromospheric activity level. We note however that for some stars the value for the maximum frequency-shift variation may be an underestimate of the total variation over a complete activity cycle. This is shown for the Sun through the difference between the yellow star (maximum δν variation for solar cycle 23) and the yellow shaded region (range of possible values measured from 4-year subseries of the solar cycle 23). Furthermore, for some targets, the chromospheric and photometric observations are not contemporaneous (see Appendix A and references therein), which may contribute to additional scatter. The Spearman's correlation coefficient is ∼ 0.69 which indicates a strong correlation between δν and log R HK . Panel b) of Figure 3 shows the frequency shifts as a function of the photometric activity index S ph , available for 34 stars. Based on a sample of solar analogs, Salabert et al. (2016b) showed that the photometric and the chromospheric activity indexes are complementary. However, for our target sample, no clear relation is found between frequency shifts and S ph (Spearman's correlation coefficient of ∼ 0.13). For some stars, the value of S ph is a lower limit on the true activity, as it depends on the visibility of active regions and, thus, on their latitudinal distribution and stellar inclination. The color code in this panel indicates the seismic inclination angle obtained by Lund et al. (2017) . Assuming the solar distribution of active regions, S ph is more likely to be underestimated for darker colored (smaller inclination) than for lighter colored targets. For comparison, panel h) shows the relation between the chromospheric and photometric activity indexes for the targets with both measurements. The disagreement is greatest for low S ph values which, with exception of one target, correspond to stars with low inclination angle. Nevertheless, the comparison shown in panel a) of Figure 3 suggests that the observed frequency shifts are well correlated to the chromospheric activity level, supporting the hypothesis of the measured frequency shifts being activity-related.
Next, we search for correlations between the amplitude of the observed variations in the frequencies of the acoustic modes and other stellar properties.
Panel c) of Figure 3 shows the maximum frequencyshift variation as a function of effective temperature for the 75 solar-type stars color coded by age. Frequency shifts are found to increase with effective temperature, with a Spearman's correlation coefficient of ∼ 0.68. This indicates a strong correlation between frequency shifts and effective temperature. Our results are qualitatively in agreement with the theoretical prediction by Metcalfe et al. (2007) , which for comparison is shown by the solid lines with the same color code as the data points. Chaplin et al. (2007) predicted a decrease of the frequency shifts with effective temperature, which is not consistent with our results. There is a clear outlier in the relationship between T eff and δν at ∼ 5488 K, which shows larger frequency shifts than its neighbors. This outlier is the metal-rich star KIC 8006161, which was found to have a significantly stronger activity cycle than the Sun (see Karoff et al. 2018) .
As mode linewidths increase with effective temperature (e.g. Appourchaux et al. 2012; Lund et al. 2017) , at higher temperature, the mode frequencies are more poorly constrained. This is also reflected on the uncertainties. Thus, one may expect an increasing variability in the frequencies with effective temperature just as a result of noise. This could bring into question the origin of the observed frequency shifts. However, the procedure followed in Section 3 should reduce this noise contribution. Moreover, based on Monte Carlo simulations, Salabert et al. (2018) have selected a subsample of 20 stars for which the frequency shifts are less likely to be just noise. 17 of those stars are common to the sample studied in this work. Their effective temperatures are between 5500 K and 6600 K, and they follow the relation seen in panel c) of Figure 3 . We are, therefore, confident that the frequency-shift dependence on effective temperature found here is real.
Panel c) of Figure 3 also shows a dependency with age, where younger stars tend to have larger variations in the frequencies of the acoustic modes than older stars. That is also illustrated in panel d) of Figure 3 . In the δν-age diagram, KIC 8006161 (orange symbol with Age ∼ 3.59 Gyr and maximum δν variation of 0.91µHz) is no longer isolated. The results are consistent with younger stars being more active than older stars (e.g. Wilson 1963; Wilson & Skumanich 1964) . The Spearman's correlation coefficient is ∼ −0.66 confirming a strong negative correlation between frequency shifts and age.
Panel e) of Figure 3 shows the frequency-shift variations as a function of the surface rotation period. In general, frequency shifts are larger for fast rotating stars, with KIC 8006161 (P rot ∼ 29.79 d) being an outlier in this relation. Our results are consistent with the expectation of fast rotators being more active than slower rotators (e.g. Vaughan et al. 1981; Baliunas et al. 1983; Noyes et al. 1984) . The Spearman's correlation coefficient is ∼ −0.61 which agrees with a strong negative correlation between frequency shifts and rotation period.
Panel f) of Figure 3 shows the frequency variation as a function of metallicity, color coded by age. There is no clear relationship between frequency shifts and metallicity (Spearman's correlation coefficient of 0.09). Nevertheless, there is evidence for two different sequences (see Appendix B for details). For younger stars the frequency shifts generally increasing with metallicity (Spearman's correlation coefficient of 0.39). This supports the interpretation by Karoff et al. (2018) , where the strong activity cycle was assigned to a deeper convection zone due the high metallicity of KIC 8006161 ([Fe/H] = 0.34). For older stars, however, frequency shifts decrease with metallicity (Spearman's correlation coefficient of -0.46). Note that for some stars in the sample the value for maximum δν may be a lower limit of the activity-related frequency shifts as we only have access to part of the activity cycle.
Panel g) of Figure 3 shows the observed frequency shifts as a function of Rossby number Ro normalized to the solar value. Ro is the ratio between the rotation period and the convective turnover timescale. The convective turnover timescale τ c is computed following the procedure described in van Saders et al. (2016) , but with longer chains. Having only the Rossby numbers for 24 stars in the sample with rotation estimate, there is no clear relation between frequency shifts and Rossby number. The Spearman's correlation coefficient is ∼ −0.11, which confirms a weak negative correlation. A negative correlation between magnetic activity and Rossby number is expected (e.g. Noyes et al. 1984; Mamajek & Hillenbrand 2008 ). However, due to the reduced number of data points (only 24) no strong conclusions can be made for this relationship. Appendix C summarizes the results from a linear regression with multiple variables in order to account for the several potential dependencies. However, rotation periods and Rossby numbers are not available for all targets. Therefore, we first fit the observed frequency shifts taking into account the stellar parameters (T eff , log g, [Fe/H], age) available for all the stars in the sample. Taking the residuals between the observed frequency shifts and the predicted values from the fit, we then fit the residuals taking into account the rotation period and Rossby number individually. The results from this procedure confirm significant δν-T eff and δν-age relations.
Finally, in the relations shown in Figure 3 , the Sun behaves normally in comparison the solar-type stars in the sample, with its maximum frequency-shift variation being consistent with that of its neighbors (except KIC 8006161).
CONCLUSIONS
In this work, we search for relations between the observed variations in the mode frequencies (measured by Santos et al. 2018 ) and stellar properties. The goal was to identify frequency-shift dependencies on the different stellar properties and understand if those are consistent with a magnetic activity origin.
The target sample for this study comprises the 75 highest signal-to-noise solar-type stars analyzed by Santos et al. (2018) . Such a large sample allows for a better characterization of the observed frequency shifts in solar-type stars.
We start by comparing the observed frequency shifts with the chromospheric activity level available only for 30 out of the 75 stars, which is unfortunate. Nevertheless, we found a strong correlation between frequency shifts and chromospheric activity. One expects that the stronger the activity cycle is, the larger the impact on the mode properties will be, in particular frequencies. Thus, the results are consistent with the observed frequency shifts being indeed activity-related. However, we did not find the same relation between frequency shifts and the photometric activity proxy. This may be because the S ph index we calculate is only a lower limit of the true photometric activity due to stellar inclination.
Based on the results for the 75 stars, we found that frequency shifts generally increase with stellar effective temperature (frequency shifts and effective temperature are strongly correlated). These results favor the theoretical predictions for activity-related frequency shifts by Metcalfe et al. (2007) . In what concerns the dependency with effective temperature, our results do not support the theoretical predictions by Chaplin et al. (2007) .
Frequency shifts are found to be strongly anticorrelated with age, i.e. frequency shifts decrease with age. These results are consistent with the predictions by Chaplin et al. (2007) and Metcalfe et al. (2007) and consistent with a decreasing magnetic activity as stars evolve (e.g. Wilson 1963; Wilson & Skumanich 1964) .
Frequency shifts are also found to increase as the surface rotation period decreases (strong anti-correlation). This is in agreement with faster rotators being more active than slower rotators (e.g. Vaughan et al. 1981; Baliunas et al. 1983; Noyes et al. 1984) and one may thus expect a stronger activity-related effect on the mode frequencies for faster rotators. P rot estimates are only available for 50 stars. For a small subset of the target sample (24 stars), we did not find a clear relation between frequency shifts and Rossby number (weak anticorrelation).
Although there is no clear relationship between the observed frequency shifts and stellar metallicity for the full sample (we found a very weak correlation), we do find an increase in the frequency shifts with metallicity for the youngest stars (moderate correlation). These results support the analysis by Karoff et al. (2018) , who interpreted the strong activity cycle of KIC 8006161 (also reflected on the frequency shifts) as an outcome of a deep convection zone due to its high metallicity.
Furthermore, there is a clear outlier on the δν-T eff and δν-P rot relationships: KIC 8006161. As mentioned before, KIC 8006161 exhibits a significantly stronger activity cycle than the Sun (Karoff et al. 2018) .
We note that for some targets in the sample the measured frequency shifts are a lower limit of the activityrelated frequency shifts, as we may not have access to a complete active cycle.
Finally, the activity-related frequency shifts for the Sun are consistent with the general results, behaving normally in comparison with the Kepler solar-type stars analyzed here. Kiefer et al. (2017) have already searched for relations between frequency shifts and effective temperature, age, and surface rotation. However, the authors were limited by large uncertainties on the frequency shifts and a small target sample (composed of 24 Kepler stars). Therefore, their results were not very conclusive, in particular for the relation with effective temperature. Nevertheless, for the three stellar properties considered in Kiefer et al. (2017) , the general trends agree with the results presented here. The results we present are based on a sample more than three times larger than that considered in Kiefer et al. (2017) , spanning a wider parameter space, namely higher effective temperatures and shorter rotation periods. This larger sample allows for a better identification of the relationships between frequency shifts and other stellar properties.
This work, which follows the analysis in Santos et al. (2018) , confirms the prospects of using asteroseismology to learn about stellar magnetism.
The authors thank W. Dziembowski for his contribution to the theoretical predictions for activity-related frequency shifts in Metcalfe et al. (2007) . Table 2 lists the chromospheric activity for the targets with available measurements and the respective source. B −V color index retrieved from SIMBAD database (Wenger et al. 2000) . The log R HK values whose source is Marcy et al. (2014) correspond to the values provided by the authors as S index is not provided. For the remainder values, log R HK was calculated from the chromospheric S index, provided by the different authors, following the transformation by Noyes et al. (1984) , i.e.:
where
For 0.3 ≤ B − V ≤ 1.6, the conversion factor C cf is given by (see Middelkoop 1982; Rutten 1984) log
R phot corresponds to the photometric flux log R phot = −4.898 + 1. 
B. CLUSTER ANALYSIS: METALLICITY DEPENDENCE
To better characterize the two sequences seen in the δν-metallicity diagram (panel f) in Fig. 3 ) we proceed to a cluster analysis. We use an unsupervised machine learning algorithm to identify the clusters/groups within a threedimensional dataset: metallicity, age, and observed frequency shifts. The groups are shown in Fig. 4 and their properties are summarized in Table 3 . One of the groups is found to be composed of relatively young stars (younger than 6 Gyr) and shows a moderate correlation between observed frequency shifts and metallicity (see Table 3 ). The second group is composed of relatively old stars (older than 6 Gyr) and seems to show the opposite behavior with metallicity (see Table 3 ). Frequency shifts are found to decrease with stellar age, thus the average frequency shift is smaller for the group of older stars than for the younger stars. We note again that the observed frequency shifts are likely to be lower limits for some of the targets due to the limited length of observations. Table 3 . Average properties of the two groups in the δν-metallicity relation.
C. LINEAR REGRESSION WITH MULTIPLE VARIABLES
In order to isolate the frequency-shift dependency on the different parameters, a linear regression with multiple variables is performed. We start by fitting δν taking into account T eff , age, metallicity, and log g, which are available for the full sample. The first three rows in Fig. 5 compares the original observed frequency shifts (left) as a function of T eff , age, and [Fe/H] with the residuals after subtracting the dependencies on the other parameters (right). Note that in each panel the dependence on the parameter in the horizontal axis is still present. The residuals between the observed frequency shifts and the results from the first fit (with the four parameters) are shown in the two bottom rows. The fitting results are summarized in Table 4 . A given variable is considered significant when p-value< 5%. Therefore, the regression indicates that only T eff and age are significant (for the full sample). The δν-metallicity relation changes significantly after removing the other dependencies, being more compact which results mainly from the age dependency. Nevertheless, the different behavior for young and old stars is still clear. In fact taking the residual frequency shifts shown in Fig. 5 and performing the cluster analysis in Appendix B, we find the same two groups of stars.
Taking the residuals between the frequency shifts and the original regression, we perform a new fit with rotation period (available for 50 stars). Since rotation also depends on age and T eff , after removing the dependency of δν on effective temperature and age, the results from the regression suggest that the relation between the residuals and P rot is not the significant (fourth row of Fig. 5 ). We do the same for the Rossby number (available only for 24 stars) and we find the same conclusion (last row). Age (Gyr) Figure 5 . Left: Same frequency-shift relations shown in Fig. 3 . Right: Frequency-shift residuals as a function of the different stellar parameters after removing the dependencies on remainder parameters.
